Selenite adsorption behavior was investigated on amorphous Al and Fe oxides, clay minerals: kaolinite, montmorillonite, and illite, and 45 surface and subsurface soil samples from the southwestern and midwestern regions of the United States as a function of solution pH. Selenite adsorption decreased with increasing solution pH. The triple layer model, a chemical surface complexation model, was able to describe selenite adsorption as a function of solution pH by simultaneously optimizing both inner-sphere and outer-sphere selenite surface complexation constants. The fit of the triple layer model to selenite adsorption by soils was much improved over that obtained previously by optimizing solely an inner-sphere selenite surface complexation constant and the protonation constant in the constant capacitance model. In this previous application, the deprotonation constant had been neglected; thereby, preventing the reactive surface hydroxyl group from deprotonating; a chemically unrealistic situation. The selenite surface speciation predicted using the triple layer model was in agreement with that obtained for other strongly adsorbing anions such as molybdate. Direct spectroscopic investigations of selenite surface configuration are needed to corroborate the species predicted by the modeling approach.
Modeling Selenite Adsorption Envelopes on Oxides, Clay Minerals, and Soils using the Triple Layer Model
Soil Chemistry S elenium is an essential micronutrient element for animals. The concentration range between deficiency and toxicity is very narrow. Elevated concentrations of Se in soils and waters can occur as a result of discharge from petroleum refineries and mining operations, disposal of fly ash and coal ash, and mineral oxidation and dissolution (Girling, 1984) . Vegetation grown on seleniferous soils can become toxic to grazing animals (Lakin, 1961) . Deaths and deformities of migratory waterfowl have been attributed to elevated concentrations of Se in agricultural drainage waters (Ohlendorf et al., 1986) . In soil solution, the dominant inorganic Se species are: selenate, Se(VI), under oxidizing conditions and selenite, Se(IV), under more reducing conditions (Adriano, 1986) . Selenate is considered to be the less toxic oxidation state (Fernandez et al., 1993) . Redox transformation rates for inorganic Se species are slow so that both selenate and selenite often coexist in soil solution (Masscheleyn et al., 1990) .
Selenium adsorption has been investigated on a wide range of surfaces including: aluminum and iron oxides, clay minerals, and whole soils. Soil constituents that are significantly positively correlated with soil Se content include: extractable Al and Fe oxides and clay minerals (Lévesque, 1974) . Selenate has been observed to adsorb to a much lesser extent than selenite on goethite (Balistrieri and Chao, 1987) , hematite (Duc et al., 2003) , and soils (Neal and Sposito, 1989) . Sorption of both Se redox states on Fe oxides was greatest at pH 3 and decreased with increasing solution pH (Balistrieri and Chao, 1987; Parida et al., 1997; Duc et al., 2003) . Selenite adsorption on a disordered Al hydroxide decreased as pH was increased from 5 to 10 (Papelis et al., 1995) . Selenite adsorption on kaolinite, smectite, and illite exhibited adsorption maxima in the pH range 3 to 5 and decreased with increasing solution pH (Goldberg and Glaubig, 1988; Missana et al., 2009 ). Similar to the behavior on Fe and Al oxides and clay minerals, selenite adsorption on soils from California, Iowa, Oklahoma, and South Dakota decreased with increasing soil solution pH (Neal et al., 1987; Goldberg and Glaubig, 1988; Goldberg et al., 2007; Lee et al., 2011) .
Evidence for strong specific adsorption of selenite as an inner-sphere surface complex containing no water between the adsorbing ion and the surface functional group has been provided by point of zero charge shifts observed using electrophoretic mobility measurements for alumina (Rajan, 1979) , goethite, and amorphous Fe oxide (Su and Suarez, 2000) . Additional macroscopic evidence for inner-sphere surface complex formation of selenite was found by its lack of ionic strength dependence in adsorption behavior as seen for amorphous Fe oxide, goethite, hematite (Su and Suarez, 2000; Duc et al., 2003) , and for the clay minerals, illite and smectite (Missana et al., 2009) .
Direct spectroscopic evidence for specific inner-sphere surface complexation of selenite has been observed on goethite, hematite, amorphous Fe oxide (Hayes et al., 1987; Manceau and Charlet, 1994; Catalano et al., 2006) , and on the clay mineral, montmorillonite . Selenate, which is generally considered to be the more weakly held inorganic Se species, was observed to form both inner-and outer-sphere surface complexes on goethite and Al oxide using vibrational spectroscopies (Wijnja and Schulthess, 2000) . Simultaneous formation of both inner-and outer-sphere surface complexes was also observed spectroscopically for arsenite adsorption (Arai et al., 2001 ) and molybdate adsorption (Goldberg et al., 2008a) on Al oxide. Somewhat surprisingly, even strongly adsorbing anions have been observed to form mixtures of inner-sphere and outersphere surface complexes. On amorphous Al oxide, selenite was observed to form primarily inner-sphere but also some outersphere surface complexes (Peak, 2006) . Arsenate, a very strongly adsorbing anion, was found to adsorb simultaneously as innerand outer-sphere surface species on hematite and Al oxide using X-ray scattering measurements (Catalano et al., 2008) .
Selenite adsorption on soils and soil minerals has been described using various chemical surface complexation modeling approaches. Such models include the constant capacitance model (Goldberg, 1985; Sposito et al., 1988; Goldberg and Glaubig, 1988; Benjamin, 1990a, 1990b; Duc et al., 2003 Duc et al., , 2006 Goldberg et al., 2007 Goldberg et al., , 2008b , the diffuse layer model (Dzombak and Morel, 1990; Balistrieri et al., 2003; Jordan et al. (2009a Jordan et al. ( , 2009b ; Kim et al., 2012) , the triple layer model (Hayes et al., 1988; Balistrieri and Chao, 1990; Zhang and Sparks, 1990; Ghosh et al., 1994; Martinez et al., 2006; Rovira et al., 2008) , and the CD-MUSIC model Hiemstra et al., 2007) . All of the surface complexation modeling studies postulated inner-sphere surface complexes for selenite absorption. Unlike adsorption isotherm equations, whose parameters are usually empirical and valid only for the conditions under which the experiment was conducted, surface complexation models define specific surface species, chemical reactions, mass balances, and charge balances. They contain molecular features such as, surface activity coefficients and surface complexation equilibrium constants, that can be given thermodynamic significance (Sposito, 1983) . The constant capacitance model was applied to describe selenite adsorption by the clay minerals: kaolinite and montmorillonite (Goldberg and Glaubig, 1988) and soils (Sposito et al., 1988; Goldberg and Glaubig, 1988) . The predictive ability of the constant capacitance model to describe selenite adsorption by soils has been evaluated previously (Goldberg et al., 2007) . General regression equations were developed to predict model selenite surface complexation constants from easily measured soil physical properties: surface area, organic C content, inorganic C content, Al oxide content, and Fe oxide content. These predicted constants were then used in the constant capacitance model to successfully predict selenite adsorption on additional soils. Therefore, this study provided a completely independent evaluation of the predictive capability of the constant capacitance model to describe selenite adsorption by soils. The surface complexation constants used in the predictive study were the protonation constant for the reactive surface hydroxyl group and a formation constant for a monodentate negatively charged selenite surface species. The deprotonation constant was neglected after preliminary model results indicated that it was required only in trace amounts (Goldberg et al., 2007) . However, not allowing deprotonation of the reactive surface functional group is not very realistic. Surface complexation modeling of Mo adsorption by amorphous Al and Fe oxide and by a diverse set of soils was successful using both an inner-sphere and an outer-sphere surface complex in the triple layer model (Goldberg et al., 2008a) . This surface speciation was in agreement with that observed by the same authors on amorphous Al oxide using vibrational spectroscopy.
The objectives of the present study were: (i) to determine selenite adsorption on amorphous Al and Fe oxide and the clay minerals: kaolinite, montmorillonite, and illite as a function of solution pH; and (ii) to test the ability of the triple layer model to describe selenite adsorption on these oxides and clay minerals, as well as on the 45 soil samples previously used in the predictive study of Goldberg et al. (2007) , using both inner-sphere and outer-sphere surface configurations.
MATERIALS AND METHODS
Selenite adsorption behavior was studied on various adsorbents. Amorphous Al and Fe oxide were synthesized according to the procedure of Sims and Bingham (1968) . X-ray diffraction analyses using powder mounts verified that the oxides were amorphous and contained no detectable crystalline impurities. Samples of kaolinite (KGa-2, poorly crystallized Georgia kaolinite), Na-montmorillonite (SWy-1, Wyoming bentonite), and IMt-2 illite (Silver Hill illite) were obtained from the Clay Minerals Society's Source Clay Repository (Purdue University, West Lafayette, IN). The kaolinite and montmorillonite were used without any pretreatment. The illite was ground using a mortar and pestle to pass a 0.05-mm sieve. X-ray diffraction analyses using powder mounts found traces of chlorite in the kaolinite, traces of mica in the montmorillonite, and traces of kaolinite and vermiculite in the illite. Surface areas of the oxides and clays, determined using a single-point BET N 2 adsorption isotherm, were: 25.6 m 2 g -1 for Al oxide, 158 m 2 g -1 for Fe oxide, 20.8 m 2 g -1 for kaolinite, 24.8 m 2 g -1 for montmorillonite, and 23.1 m 2 g -1 for illite.
Selenite adsorption envelopes [amount of Se(IV) adsorbed as a function of solution pH per fixed total Se(IV) concentration] were determined in batch systems. Samples of adsorbent (0.25 g for Fe oxide, 0.5 g for Al oxide, and 1.2 g for clays) were equilibrated with aliquots (200 mL for Fe oxide, 100 mL for Al oxide, and 30 mL for clays) of 0.1 M NaCl background electrolyte solution for 2 h on a reciprocating shaker. The equilibrating solution also contained 20 mmol Se(IV) L -1 and had been adjusted to the desired pH range with 1 M HCl or 1 M NaOH additions that changed the total volume by < 2%. After reaction, the samples were centrifuged, decanted, analyzed for pH, filtered through 0.45-mm membrane filters, and analyzed for Se concentration using inductively coupled plasma optical emission spectrometry. Selenite adsorption envelopes on the <2-mm fraction of 45 soil samples from 36 soil series belonging to six different soil orders had been determined previously as described by Goldberg et al. (2007) . The soils represented a wide range of chemical characteristics and soil classifications as shown in Table 1 of Goldberg et al. (2007) . The analytical methods used to characterize the soil samples are described and referenced in this publication. The average values of various soil chemical properties: cation exchange capacity, inorganic C content, organic C content, Fe oxide content, Al oxide content, and surface area were not statistically significantly different at the 95% level of confidence for the 23 southwestern soils vs. the 22 midwestern soils.
The ability of the constant capacitance model to describe and predict selenite adsorption on 45 soil samples was evaluated previously using an inner-sphere adsorption mechanism. Surface complexation reactions, surface complexation constants, mass balance, and charge balance expressions are provided in Goldberg et al. (2007) . The present study investigates the use of a combination of inner-sphere and outer-sphere surface complexes in the triple layer model to describe selenite adsorption by oxides and clay minerals and tests whether this approach provides a superior fit to selenite adsorption by the soil samples. Despite the fact that both monodentate and bidentate selenite surface complexes have been observed on metal oxide surfaces (Peak, 2006; Foster et al., 2003) , the vast majority of surface complexation modeling approaches have used monodentate complexes. Therefore, for the sake of consistency with the previous investigation of Goldberg et al. (2007) , and to minimize the number of adjustable parameters, the current application was restricted to monodentate surface complexes. A detailed discussion of the theory and assumptions of the triple layer model are provided in Goldberg (1992) . In the present application of the triple layer model, the following surface complexation reactions for adsorbed Se(IV) are considered:
where SOH (s) represents reactive surface hydroxyl groups on oxide minerals, FeOH or AlOH, and aluminol groups, AlOH, on the edges of clay minerals. Equilibrium constant expressions for the above Se(IV) surface complexation reactions are:
[5]
--
where square brackets indicate concentrations (mol L -1 ), F is the Faraday constant (C mol c -1 ), y o is the surface potential (V) in the o-plane of inner-sphere (is) adsorption, y b is the surface potential (V) in the b-plane of outer-sphere (os) adsorption, R is the molar gas constant ( J mol -1 K -1 ), and T is the absolute temperature (K). The exponential terms can be considered as solid-phase activity coefficients that correct for the charges on the surface complexes located in each surface plane of adsorption. The mass balance equation for the surface functional group is:
---- [7]
and the charge balance equations are:
where the s i have units of (mol c L -1 ). The computer program FITEQL 4.0 (Herbelin and Westall, 1999) was used to fit selenite surface complexation constants to the experimental adsorption data of Goldberg et al. (2007) . The program uses a nonlinear least squares optimization routine to fit equilibrium constants to experimental data and contains the triple layer model for surface complexation. Soils are complex multi-site mixtures containing many diverse surface sites. Therefore, the assumption that selenite adsorption takes place on only one set of reactive surface functional groups is a gross simplification and the selenite surface complexation constants obtained for soils are average composite values that include soil mineralogical characteristics and competing ion effects.
Initial input parameter values for the triple layer model were: surface area, total number of reactive surface hydroxyl groups: N S = 2.31 sites nm -2 (recommended for natural materials by Davis and Kent, 1990) , capacitances: C 1 = 1.2 F m -2 , C 2 = 0.2 F m -2 (considered optimum for goethite by Zhang and Sparks, 1990) , protonation constant: logK + (int) = 5.0, dissociation constant: logK -(int) = -11.2, background electrolyte constants: logK Na + (int) = -8.6, logK Cl -(int) = 7.5 (from Sprycha, 1989a Sprycha, , 1989b for amorphous Al oxide, clay minerals, and soils and protonation constant: logK + (int) = 4.3, dissociation constant: logK -(int) = -9.8, background electrolyte constants: logK Na + (int) = -9.3, logK Cl -(int) = 5.4 (from Zhang and Sparks, 1990) for amorphous Fe oxide. This set of parameter values has been used in previous applications of the triple layer model to anion adsorption by soils (Goldberg et al., 2008a; Goldberg and Kabengi, 2010) . Goodness-of-fit was evaluated using the overall variance parameter, V, in the dependent variable, Y:
where SOS is the weighted sum of squares of the residuals and DF is the degrees of freedom.
RESULTS AND DISCUSSION
Selenite adsorption as a function of solution pH is indicated in Fig. 1 for amorphous Al and Fe oxide and the clay minerals, kaolinite and illite. On the oxide minerals ( Fig. 1a and 1b) , selenite adsorption exhibited a broad maximum up to pH 8 and then decreased rapidly with increasing solution pH. Similar pHdependent adsorption behavior had been observed previously for selenite on amorphous Fe oxide by Balistrieri and Chao (1987) . Selenite adsorption on the clay minerals increased at low solution pH, exhibited adsorption maxima near pH 5 for kaolinite and pH 4 for illite, and decreased at higher solution pH value (Fig. 1c and 1d) . Similar parabolic adsorption behavior had been observed previously for selenite adsorption on the clay minerals, kaolinite and montmorillonite (Goldberg and Glaubig, 1988) . The decrease in selenite adsorption observed below pH 3 for kaolinite and illite may be due to clay mineral dissolution.
The ability of the triple layer model to describe selenite adsorption on amorphous Al and Fe oxide is depicted in Fig. 1a and 1b. For amorphous Al oxide, the model described the data quantitatively over the entire pH range (3.5-9.5) investigated; while for amorphous Fe oxide, the model description was quantitative at values £pH 7 and ³pH 10. In the intermediate range, 8 £ pH £ 9.5, the model description deviated from the experimental data by at most 10%. With the exception of a <5% deviation at the point of the adsorption maximum, the model was able to describe selenite adsorption on illite over the entire solution pH range investigated (Fig. 1d) . For selenite adsorption on kaolinite, the magnitude of the adsorption maximum was well described but deviations in model fit were observed in the range 3 £ pH £ 8 (Fig. 1c) . Table 1 provides values for the optimized selenite surface complexation constants.
The selenite surface speciations obtained from the triple layer model are presented in Fig. 2 and Fig. 3 . For the oxide minerals (Fig. 2) , the inner-sphere surface complex predominates at low and intermediate solution pH and the outer-sphere surface complex dominates only at high pH. This is in agreement with the spectroscopic results of Wijnja and Schulthess (2000) for selenate adsorption on goethite. Additionally, the modeled pH-dependent distribution of inner-sphere vs. outer-sphere surface selenite complexes is in excellent agreement with the one obtained by the triple layer model for molybdate adsorption on these same amorphous oxide minerals (Goldberg et al., 2008a) . As had been the case for molybdate adsorption, the triple layer model predicted a larger proportion of outersphere surface selenite complexes over a larger solution pH range for amorphous Al oxide (Fig. 2a) than for amorphous Fe oxide (Fig. 2b ). An increased propensity for anions to form outer-sphere surface complexes on Al oxide as compared to Fe oxide has been observed previously, suggesting stronger anion adsorption on Fe oxide (Goldberg and Johnston, 2001; Peak, 2006) . For the clay minerals, the triple layer model described selenite adsorption using predominately outersphere surface complexes such that the inner-sphere complex was present in trace amounts for illite (Fig. 3b) and not even necessary to produce model convergence for kaolinite (Fig. 3a) . These results would suggest that selenite is adsorbed less strongly on clay minerals than on oxides, in agreement with their much lower total amount of adsorption observed on a per gram, as well as on a per meter squared basis. The optimized values for the selenite surface complexation constants are provided in Table 1 . Selenite adsorption as a function of solution pH had been determined previously for 45 different soil samples including a subgroup of 23 soils primarily from the southwestern United States and a subgroup of 22 soils from the Midwest, specifically Iowa and Oklahoma (Goldberg et al., 2007) . Figures 4 and 5 depict the selenite adsorption data previously presented in Fig. 1 and 2 of Goldberg et al. (2007) for southwestern and midwestern soils, respectively. Selenite adsorption was found to be maximal at acid pH and to decrease rapidly with increasing solution pH. The decrease in selenite adsorption commenced at a much lower solution pH value for the southwestern soils (Fig. 4) than for the midwestern soils (Fig. 5) . The constant capacitance model was well able to fit the selenite adsorption envelopes on all of the soil samples, but increasing underprediction was observed above pH 8 (see Fig. 1 and 2 of Goldberg et al., 2007) . Similar underprediction at high solution pH had been encountered by Goldberg et al. (2002) in describing molybdate adsorption on 36 similar soil samples using the constant capacitance model. Reanalysis of the data of Goldberg et al. (2002) with the triple layer model and including both an inner-sphere and an outer-sphere molybdate surface complexation constant provided a much improved fit, especially at high solution pH (Goldberg et al., 2008a) .
The present application of the triple layer model to describe selenite adsorption using both inner-sphere and outer-sphere surface configurations led to similar improvement at high pH over the previous constant capacitance model application. The triple layer model was optimized using a monodentate inner-sphere surface species, Eq. [1], as previously included in the constant capacitance model (Goldberg et al., 2007) . However, two monodentate outersphere surface complexes, Eq.
[2] and [3], were optimized rather than the protonation constant. As can be seen from Fig. 4 and 5, the triple layer model fit at high solution pH is much improved over the constant capacitance model ( Fig. 1 and 2 of Goldberg et al., 2007) , especially for the southwestern soils. Some of the improvement in fit must be attributed to the fact that three surface complexation constants rather than two were optimized. However, retaining the deprotonation constant in the triple layer model representation, thereby allowing deprotonation of the surface functional group, rather than removing this constant and preventing deprotonation, as in the previous constant capacitance model application (Goldberg et al., 2007) , results in a much more chemically realistic depiction of the soil-solution interface. The reduction in quality of model fit at values below pH 2 is likely due to mineral dissolution.
Optimized selenite surface complexation constants for all soils are provided in Table 1 . Average values of the selenite surface complexation constants for the southwestern soils are not statistically significantly different from those for the midwestern soils at the 95% level of confidence. For this reason, general soil average logK(int) values along with their standard deviations are presented in Table 1 .
Selenite surface speciations obtained with the triple layer model for one representative southwestern soil, Arlington (Fig. 6a) , and one representative midwestern soil, Osage A (Fig. 6b) , indicate that the two outer-sphere surface complexes predominate over most of the solution pH range. The inner-sphere surface complex predominates only at solution pH £ 3 for the Arlington soil and pH £ 4 for the Osage A soil. Since the selenite adsorbing sites of soils are expected to be a mixture of oxides and clay minerals, it is not surprising that the proportion of inner-sphere and outer-sphere surface complexes is intermediate between these two types of reference minerals. According to the model speciation, selenite adsorption occurs predominantly as an inner-sphere surface complex at low solution pH; while at intermediate and high pH, where the absolute amount of adsorption becomes much reduced, selenite adsorption occurs almost exclusively as outer-sphere surface complexes. The oxide content of the Osage A soil is approximately twice as great as that of the Arlington soil. This is consistent with the greater proportion of the inner-sphere surface complex found on the Osage A soil at low solution pH using the triple layer model. Direct spectroscopic experimental evidence is necessary to verify the selenite surface complexes suggested by our indirect modeling results. Incorporation of such molecular-scale experimental information into the macroscopic triple layer model will improve its ability to describe selenite adsorption data on oxides, clay minerals, and soils. The current study was performed at constant selenite concentration and did not evaluate the effect of increasing selenite solution concentration. In the case of B adsorption, surface complexation model parameters developed for B adsorption envelopes on these southwestern soils could be used to describe B adsorption isotherms on these midwestern soils (Goldberg et al., 2004) . Therefore, although the effect of selenite loading remains to be investigated, it may be possible to use the triple layer model parameters from the present application to successfully describe selenite adsorption isotherms on soils.
